Abstract Mitochondrial cytopathy has been associated with modifications of lipid metabolism in various situations, such as the acquisition of an abnormal adipocyte phenotype observed in multiple symmetrical lipomatosis or triglyceride (TG) accumulation in muscles associated with the myoclonic epilepsy with ragged red fibers syndrome. However, the molecular signaling leading to fat metabolism dysregulation in cells with impaired mitochondrial activity is still poorly understood. Here, we found that preadipocytes incubated with inhibitors of mitochondrial respiration such as antimycin A (AA) accumulate TG vesicles but do not acquire specific markers of adipocytes. Although the uptake of TG precursors is not stimulated in 3T3-L1 cells with impaired mitochondrial activity, we found a strong stimulation of glucose uptake in AA-treated cells mediated by calcium and phosphatidylinositol 3-kinase/Akt1/glycogen synthase kinase 3 ␤ , a pathway known to trigger the translocation of glucose transporter 4 to the plasma membrane in response to insulin. TG accumulation in AA-treated cells is mediated by a reduced peroxisome proliferator-activated receptor ␥ activity that downregulates muscle carnitine palmitoyl transferase-1 expression and fatty acid ␤ -oxidation, and by a direct conversion of glucose into TGs accompanied by the activation of carbohydrate-responsive element binding protein, a lipogenic transcription factor. Taken together, these results could explain how mitochondrial impairment leads to the multivesicular phenotype found in some mitochondria-originating diseases associated with a dysfunction in fat metabolism. The role of mitochondria in lipid homeostasis has been strongly emphasized in recent studies focusing on mitochondrial respiratory deficiency. Indeed, chronic mitochondrial dysfunction can lead to diseases characterized by lipid metabolism disorders and pathological triglyceride (TG) accumulation in several cell types (1-3). Genetic mitochondrial pathologies usually result from point mutations or deletions in mitochondrial DNA that finally impair oxidative phosphorylation capacity (4). Interestingly, some mitochondrial disorders affect lipid-metabolizing tissues such as muscular and adipose tissues. For example, the myoclonic epilepsy with ragged red fibers (MERRF) syndrome, commonly caused by a point mutation in the mitochondrial tRNA Lys -encoding gene (A8344G), is associated with myopathy, TG accumulation in muscles (5), and, in some cases, multiple symmetrical lipomatosis (MSL) (2, 6). MSL is a pathology characterized by the formation of lipomas containing abnormal white adipocytes smaller than normal adipocytes showing a multivesicular phenotype (1, 2, 7). Moreover, biochemical analyses have shown that cytochrome c oxidase activity is impaired in muscles from patients with MSL (8), supporting the fact that the disease is linked to mitochondrial dysfunction (6, 9). The role of mitochondria in the lipid metabolism of white adipose tissue was also strengthened in the pathogenesis of Abbreviations: AA, antimycin A; ACC, acetyl-coenzyme A carboxylase; AICAR, 5-aminoimidazole-4-carboxamide-1-␤ -d -ribofuranoside; AMPK, AMP-dependent kinase; BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N , N , N Ј , N Ј -tetraacetic acid; C/EBP ␤ , CCAAT/enhancer-binding protein ␤ ; ChREBP, carbohydrate-responsive element binding protein; 2-DG, 2-deoxyd -[ 3 H]glucose; EGCG, ( Ϫ )-epigallocatechin gallate; FABP4, fatty acid binding protein 4; FCCP, carbonyl cyanide ( p -trifluoromethoxy)phenylhydrazone; FCS, fetal calf serum; GLUT, glucose transporter; GSK3 ␤ , glycogen synthase kinase 3 ␤ ; HB, hypotonic buffer; IRS-1, insulin receptor substrate-1; L-PK, liver pyruvate kinase; M-CPT-1, muscle carnitine palmitoyl transferase-1; MERRF, myoclonic epilepsy with ragged red fibers; MSL, multiple symmetrical lipomatosis; NAC, N -acetyl-l -cysteine; PI 3-kinase, phosphatidylinositol 3-kinase; PPAR ␥ , peroxisome proliferator-activated receptor ␥ ; ROS, reactive oxygen species; RXR ␣ , retinoid X receptor ␣ ; TBP, TATA box binding protein; TG, triglyceride; UCP-2, uncoupling protein-2.
The role of mitochondria in lipid homeostasis has been strongly emphasized in recent studies focusing on mitochondrial respiratory deficiency. Indeed, chronic mitochondrial dysfunction can lead to diseases characterized by lipid metabolism disorders and pathological triglyceride (TG) accumulation in several cell types (1) (2) (3) . Genetic mitochondrial pathologies usually result from point mutations or deletions in mitochondrial DNA that finally impair oxidative phosphorylation capacity (4) . Interestingly, some mitochondrial disorders affect lipid-metabolizing tissues such as muscular and adipose tissues. For example, the myoclonic epilepsy with ragged red fibers (MERRF) syndrome, commonly caused by a point mutation in the mitochondrial tRNA Lys -encoding gene (A8344G), is associated with myopathy, TG accumulation in muscles (5) , and, in some cases, multiple symmetrical lipomatosis (MSL) (2, 6) . MSL is a pathology characterized by the formation of lipomas containing abnormal white adipocytes smaller than normal adipocytes showing a multivesicular phenotype (1, 2, 7) . Moreover, biochemical analyses have shown that cytochrome c oxidase activity is impaired in muscles from patients with MSL (8) , supporting the fact that the disease is linked to mitochondrial dysfunction (6, 9) . The role of mitochondria in the lipid metabolism of white adipose tissue was also strengthened in the pathogenesis of lipodystrophy syndromes induced by highly active antiretroviral therapies known to impair mitochondrial functions (3) .
These various lipid disorders suggest a strong link between mitochondrial dysfunction and fat storage abnormalities. However, despite the numerous case reports with histological observations (1) , the role of mitochondrial activity in adipose tissue and the molecular mechanisms by which mitochondrial impairment can lead to cellular accumulation of TG are still poorly understood. Besides the key role of mitochondria in cellular functions, such as ATP production and participation to numerous synthetic pathways, impaired mitochondria generate reactive oxygen species (ROS) acting as messengers, for example, to inhibit adipocyte differentiation by controlling the expression of the adipogenic repressor CHOP10/GADD153 (10) .
Previously, we and others demonstrated that the increase of calcium concentration in response to mitochondrial activity inhibition also modifies the activity of transcription factors and gene expression (11) (12) (13) . To identify the mechanisms involved in TG accumulation in response to mitochondrial dysfunction, we used 3T3-L1 preadipocytes to study the effects of mitochondrial activity deficiency on lipid metabolism. We particularly focused our investigation on two major metabolic pathways: glucose metabolism and fatty acid ␤ -oxidation. Here, we found that TG accumulation in preadipocytes in response to mitochondrial activity inhibition involves both a reduction of fatty acid ␤ -oxidation and a major role for massively imported glucose through a phosphatidylinositol 3-kinase (PI 3-kinase)/Akt1/glycogen synthase kinase 3 ␤ (GSK3 ␤ ) pathway that results in glucose transporter 4 (GLUT4) translocation to the plasma membrane.
MATERIALS AND METHODS

Chemicals
The different molecules and inhibitors, such as antimycin A (AA), myxothiazol, oligomycin, rotenone, carbonyl cyanide ( p -trifluoromethoxy)phenylhydrazone (FCCP), ( Ϫ )-epigallocatechin gallate (EGCG), 1,2-bis(2-aminophenoxy)ethane-N , N , N Ј , N Ј -tetraacetic acid (BAPTA-AM), cytochalasin B, N -acetyl-l -cysteine (NAC), dibutyryl cAMP, dexamethasone, dextrine, Oil Red O, propidium iodide, and SB216763, were purchased from Sigma. Stigmatellin was bought from Fluka, LY294002 and wortmannin from Biomol, insulin from Gibco BRL, and the protease inhibitor cocktail from Roche.
Cell culture conditions and experimental models
3T3-L1 mouse preadipocytes, purchased from the American Type Culture Collection, were cultivated in DHG medium [Dulbecco's modified Eagle's medium ϩ high glucose (4.5 g/l); Gibco BRL] supplemented with 10% fetal calf serum (FCS; Gibco BRL). Cells were incubated in a 5% CO 2 incubator in a humidified atmosphere. For preadipocyte differentiation, 3T3-L1 cells were seeded at 50% confluence 3 days before the beginning of the differentiation program. Confluent cell monolayers (day 0) were switched for 48 h to media containing the adipogenic cocktail (DHG-L1 medium, which is DHG that contains 1.5 g/l NaHCO 3 ) supplemented with 10% FCS, 5 g/ml insulin, 300 M dibutyryl cAMP, and 1 M dexamethasone. When needed, cells were then refed every other day with DHG-L1 containing 10% FCS and 5 g/ ml insulin. To trigger a prolonged mitochondrial inhibition, confluent cells (day 0) were incubated in DHG-L1 containing 10% FCS with or without the different mitochondrial inhibitors. When cell cultures were maintained for more than 2 days after day 0, media were replaced every other day by DHG-L1 containing 10% FCS and the inhibitor of interest at the same concentration. Where indicated, some inhibitors were added during the whole program or in preincubation for several hours before the assays.
TG staining and quantitative analysis
Oil Red O at 0.2% in isopropyl alcohol was mixed with dextrine at 1% in water (3:2, v/v) and filtered. At the end of the different incubations, cultured cells on 24-well plates (Corning) were washed with PBS, fixed for 2 min with 0.5 ml of paraformaldehyde (Sigma) at 3.7% in PBS, incubated for 30 min with 0.5 ml of Oil Red O, and washed twice with PBS. Absorbance of cell monolayers at 490 nm was then measured in a spectrophotometer (Ultramark; Bio-Rad), and stained TGs were visualized by phasecontrast microscopy. In some conditions, TG content was normalized for total DNA content, as determined by iodide propidium staining; cells were then permeabilized for 30 min with 0.5 ml of 100% ethanol and incubated for 30 min with 0.5 ml of propidium iodide at 10 g/ml in PBS. Fluorescence (excitation, 515 nm; emission, 612 nm) was then measured with a spectrofluorimeter (FluoStar; BMG). For quantitative assays, TG content was determined after lipid extraction with the INT kit (Sigma). Briefly, cells were maintained in 25 cm 2 flasks (Corning) for 8 days with or without AA, FCCP, or the adipogenic cocktail, scraped in 3 ml of CH 3 OH/water (2:0.8, v/v), and TGs were extracted with 1 ml of CHCl 3 . The aqueous phase was washed with 1 ml of CHCl 3 , solvent was evaporated, and TGs were resuspended in 300 l of CHCl 3 /CH 3 OH (2:1, v/v) and quantified with the INT kit according to the manufacturer's instructions.
TG precursor uptake and fatty acid ␤ -oxidation assays
Cells were seeded at 50% confluence on 12-well plates (Corning) 3 days before incubation (day 0) with the adipogenic cocktail, AA, or FCCP. Cells were then washed with PBS/0.5% BSA (Sigma), incubated at 37 Њ C for 90 min with 1 Ci/ml [ 3 H]glycerol (New England Nuclear) and 1 Ci/ml [ 14 C]oleate (New England Nuclear) in DHG-L1 medium containing 0.5% BSA, washed twice with PBS/0.5%BSA, and finally lysed in 200 l of 0.5 N NaOH. After neutralization, radioactivity was counted with a liquid scintillation analyzer and normalized for protein content (14) . Fatty acid ␤ -oxidation rate was assessed in 3T3-L1 cells incubated for 8 days with the adipogenic cocktail, AA, or FCCP by the release of 14 CO 2 after [ 14 C]oleate uptake as described previously (15) . In some conditions, cells were preincubated for 180 min with or without 500 M 5-aminoimidazole-4-carboxamide-1-␤ -dribofuranoside (AICAR; Toronto Research Center) before the assay.
Real-time PCR determination of carnitine palmitoyl transferase-1 mRNA steady-state levels 3T3-L1 cells were incubated or not for 8 days with AA, with ciglitazone (Biomol) and 9-cis -retinoic acid (Biomol), or with a combination of these molecules. At the end of the incubations, total RNA was extracted with the RNAgents Total RNA Isolation System (Promega), and 1 g was engaged in reverse transcription using random priming and Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Quantitative real-time PCR was performed by monitoring the increase in fluorescence of incorporated SYBR Green dye with an ABI PRISM 7000 Sequence Detector System (Applied Biosystem). Speat PENN STATE UNIVERSITY, on February 20, 2013 www.jlr.org Downloaded from cific primers for muscle carnitine palmitoyl transferase-1 (M-CPT-1; forward, 5 Ј -CTCCAGCAAATACTCAAGTTCAGAGA-3 Ј ; reverse, 5 Ј -TTCCTCAGCTGTCTGTCTTGGAA-3 Ј ), for liver CPT-1 (forward, 5 Ј -GCGCTCTTAGGACTACTTGCTAACC-3 Ј ; reverse, 5 Ј -ACTGGA-GACCTGAGAGAGGAATGT-3 Ј ), and for TATA box binding protein (TBP)/Transcription Factor IID complex (forward, 5 Ј -CAGTT-ACAGGTGGCAGCATGA-3 Ј ; reverse, 5 Ј -TAGTGCTGCAGGGTGA-TTTCAG-3 Ј ) were designed using Primer Express software (Applied Biosystem). TBP/TFIID was used for normalization and relative mRNA quantification.
Nuclear protein extraction and peroxisome proliferator-activated receptor ␥ /retinoid X receptor ␣ DNA binding assay Nuclear protein extractions in high-salt buffer were prepared as described previously (16) . Briefly, cultured 3T3-L1 cells in 75 cm 2 flasks (Corning) were incubated on ice for 3 min with 10 ml of cold hypotonic buffer (HB; 20 mM HEPES, 5 mM NaF, 1 mM Na 2 MoO 4 , and 0.1 mM EDTA) and harvested in 500 l of HB containing 0.2% Nonidet P-40 (Sigma), protease inhibitors (Roche), and phosphatase inhibitors (1 mM Na 3 VO 4 , 5 mM NaF, 10 mM p -nitrophenylphosphate, and 10 mM ␤ -glycerophosphate). Cell lysates were centrifuged for 30 s at 13,000 rpm, and the sedimented nuclei were resuspended in 50 l of HB containing 20% glycerol and protease/phosphatase inhibitors. High-saline extraction was performed by the addition of 100 l of HB containing 20% glycerol, 0.8 M NaCl, and protease/phosphatase inhibitors. Aliquots were frozen at Ϫ 70 Њ C, and protein concentrations were determined (14) . DNA binding assays were performed with the TransAM kit (Active Motif) according to the manufacturer's instructions. Briefly, 5 g of nuclear proteins was incubated for 2 h on a 96-well plate coated with a double-stranded oligonucleotide containing the consensus sequence for peroxisome proliferator-activated receptor ␥ (PPAR ␥ ; DR-1, AGGTCAAAGGTCA). DNA binding activity was detected with either an anti-PPAR ␥ or an anti-retinoid X receptor ␣ (RXR ␣ ) antibody (Santa Cruz) and revealed by a colorimetric reaction with HRP-conjugated secondary antibodies. The enzymatic reaction was stopped and absorbance was measured at 450 nm with a spectrophotometer (Bio-Rad).
Western blot analysis
3T3-L1 cells were collected in 1 ml of cold lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease/phosphatase inhibitors). Clear lysates were prepared and sample protein contents were determined by the bicinchoninic acid method (Pierce). For GLUT4 immunoblotting, crude plasma membranes were prepared as described previously (17) . Twenty micrograms of proteins was resolved by SDS-PAGE (10%) and electroblotted onto polyvinylidene difluoride membranes (Millipore). Membranes were blocked for 2 h at room temperature in TBS-T (20 mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween 20) with 5% nonfat milk (Gloria) and incubated for 1 h at room temperature with an anti-fatty acid binding protein 4 (FABP4)/ adipose fatty acid binding protein (aP2), an anti-PPAR ␥ (Santa Cruz), anti-uncoupling protein-2 (UCP-2; Santa Cruz), an anti-CCAAT/enhancer-binding protein ␤ (C/EBP ␤ ; Santa Cruz), or an anti-GLUT4 (Santa Cruz) antibody at 1 g/ml in the same buffer. For the detection of phosphorylated acetyl-coenzyme A carboxylase (ACC), membrane was blocked for 2 h in TBS containing 5% nonfat milk, 5% BSA (Sigma), and 0.07% Tween 20 and then incubated for 16 h at 4 Њ C with an anti-Ser79-phosphorylated ACC antibody (Upstate) at 1 g/ml in the same buffer. The abundance of immunoprecipitated GSK3 ␤ was analyzed with an anti-GSK3 ␤ monoclonal antibody (Santa Cruz; 1 g/ml). Immunostained proteins were visualized using a HRP-conjugated antibody (Dako) and the enhanced chemiluminescence detection system (Pierce).
Mammalian cell transient transfection and luciferase assay
3T3-L1 cells seeded on 12-well plates were transiently cotransfected for 6 h with the SuperFect reagent (Qiagen; ratio, 1:5) with a luciferase reporter construct (0.75 g/well) driven either by a synthetic promoter containing three PPAR responsive element (PPRE) sites (tk-PPREx3-Luc) or by the carbohydrate-responsive element binding protein (ChREBP)-sensitive liver pyruvate kinase (L-PK) promoter, together with a cytomegalovirus promoter/ ␤ -galactosidase expression plasmid (0.25 g/well; Clontech). Where indicated, cells were cotransfected with 0.25 g/well of a construct encoding PPAR ␥ 2 (pSV-SPORT PPAR ␥ 2). Cells were then incubated with the adipogenic cocktail, mitochondrial inhibitors, or PPAR ␥ activators for 24 or 48 h. Luciferase activity in cell lysates was determined using the reporter assay system (Promega) and normalized for ␤ -galactosidase activity.
Glucose uptake
Cells were incubated with the different molecules for 48 h, washed with PBS, and incubated for 30 min with PBS containing 1 Ci/ml 2-deoxy-D-[ 3 H]glucose (Perkin Elmer). Cells were then rinsed twice with PBS and lysed with 200 l of 0.5 N NaOH. After neutralization, radioactivity was counted and results were normalized for protein content (14) . Where indicated, cells were preincubated for 4 h with cytochalasin B or for 3 h with BAPTA-AM, LY294002, NAC, SB216763, or AICAR before the glucose uptake assay. In some experiments, 3T3-L1 cells were transfected by electroporation with a Nucleofector system (Amaxa) according to the manufacturer's instructions. Briefly, cells were electroporated (U-24 program; 100 l of R solution per well) in the presence of 5 g of an expression vector encoding either an AMP-dependent kinase (AMPK) dominant negative form or green fluorescent protein. Cells were then plated on six-well plates (300,000 cells/ well) and incubated for 48 h with 10 nM AA before glucose uptake was assessed.
Glucose-to-TG conversion assay
Cells were seeded at 50% confluence in 25 cm 2 flasks (Corning) and 3 days later were incubated or not for 8 days with 10 nM AA and then for 90 min with 1.5 Ci/ml (5 M) glucose D-[ 14 C(U)] (303 mCi/mmol; Perkin Elmer). TGs were extracted as described above, and 14 C radioactivity associated with lipids was counted on an aliquot with a liquid scintillation analyzer (TRI-CARB-2100TR; Packard). Results were then normalized for protein content (14) .
Immunofluorescence staining and confocal microscopy
For C/EBP ␤ , p110 ␣ , phosphorylated Akt1, and phosphorylated AMPK immunostaining, cells were seeded on cover slips and incubated for 24 or 48 h with the adipogenic cocktail or 10 nM AA, fixed for 10 min with 4% paraformaldehyde, permeabilized for 5 min with PBS/1% Triton X-100, and then incubated for 2 h with an anti-C/EBP ␤ (Santa Cruz) or an anti-p110 ␣ (Upstate) antibody or for 16 h at 4 Њ C with an anti-pSer473-Akt1 (Cell Signaling), an anti-pThr308-Akt1 (Cell Signaling), or an anti-pThr172-AMPK (Cell Signaling) antibody diluted 40 times in PBS/1% BSA. Where indicated, cells were preincubated or not for 2 h in the presence of 10 M BAPTA-AM before immunostaining. Finally, cells were incubated for 1 h at room temperature with an Alexa-labeled secondary antibody (Molecular Probes) diluted 500 times in PBS/ 1% BSA and processed for confocal microscopy (Leica). In some conditions, nuclei were visualized by ToPro-3 staining.
Quantitative total Akt and phosphorylated Akt detection
The detection of Akt and the Ser473-phosphorylated form was performed using the total and pSer473-Akt detection kits (Biosource International). 3T3-L1 cells were first incubated with the at PENN STATE UNIVERSITY, on February 20, 2013 www.jlr.org Downloaded from adipogenic cocktail, AA, or FCCP for 1, 6, 24, or 48 h and lysed, and 10 g of proteins was assayed for both total Akt and pSer473-Akt according to the manufacturer's instructions.
GSK3 ␤ kinase assay
Confluent 3T3-L1 cells were incubated for 48 h with or without 10 nM AA. Cells were then lysed in 1 ml of cold lysis buffer containing 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , and a protease inhibitor cocktail (Roche). GSK3 ␤ was then immunoprecipitated from cleared lysates with 5 g of a monoclonal anti-GSK3 ␤ antibody (Transduction Laboratories) for 2 h at 4 Њ C. Immune complexes were immobilized by adding 60 l of Protein G Plus/Protein A-Agarose beads (Oncogene) and washed twice with 800 l of lysis buffer. For the determination of immunoprecipitated kinase, aliquots of resuspended beads were resolved by 10% SDS-PAGE and Western blot analysis. Immunoprecipitates were washed with 500 l of kinase reaction buffer (20 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , and 5 mM dithiothreitol) and resuspended in 50 l of kinase reaction buffer containing 50 M cAMP-responsive element binding phosphopeptide (New England Biolabs). The assay was carried out in the presence of 20 M unlabeled ATP (Sigma) and 10 Ci of [ ␥ -32 P]ATP (Perkin Elmer) for 30 min at 30 Њ C. In some conditions, lithium acetate (40 M) was added before the assay. A 25 l aliquot was applied to a phosphocellulose membrane spin column (Pierce) and washed with 500 l of 75 mM H 3 PO 4 , and membrane-associated radioactivity was counted.
Statistical analysis
Data were analyzed by ANOVA I and Sheffe's contrasts. Differences between tests and controls were considered statistically significant at P Ͻ 0.05 or less.
RESULTS
Metabolic mitochondrial inhibitors that impair respiration trigger TG accumulation in 3T3-L1 cells
We first observed that rotenone (complex I inhibitor), AA, stigmatellin, myxothiazol (molecules that inhibit complex III), and oligomycin (F 0 -F 1 ATP synthase inhibitor) induce TG accumulation in 3T3-L1 cells in a dose-dependent manner, as visualized after Oil Red O staining for neutral lipids and illustrated for cells incubated with AA for 8 days ( Fig. 1A ). The formation of numerous cytosolic TG vesicles in cells treated with various mitochondrial inhibitors or in differentiated adipocytes is indicated by Oil Red O staining and phase-contrast microscopy observations, whereas the uncoupler FCCP does not increase cellular TG content (Fig. 1B) . TGs form larger but less abundant vesicles in 3T3-L1 cells differentiated with a standard adipogenic cocktail. In addition, the differentiating 3T3-L1 cells display hypertrophia and round shape, whereas cells treated with mitochondrial inhibitors keep a fibroblastic phenotype (Fig. 1B) . TG accumulation in AA-treated 3T3-L1 cells is time- (Fig. 1C ) and concentration-dependent (data not shown), as measured by Oil Red O staining and spectrophotometric determination. Significant TG accumulation in 3T3-L1 cells treated with 10 nM AA is observed after 8 days of incubation but never exceeds 30% to 40% of TGs that accumulate in differentiated cells. To take cell number into account in the different conditions, we compared TG accumulation in AA-treated cells normalized or not for total DNA content determined by propidium iodide staining and found similar results (Fig.  1D, E) .
Cellular TG accumulation has also been confirmed using a quantitative TG INT reagent kit. After 8 days of treatment and when normalized for protein content, we compared amounts of TG in control cells, in cells treated with 10 nM AA, in differentiated cells, and in cells incubated with 1 M FCCP and found 0.31 Ϯ 0.06, 0.82 Ϯ 0.08 ( P Ͻ 0.05), 1.55 Ϯ 0.57 ( P Ͻ 0.001), and 0.41 Ϯ 0.15 mg TG/ mg proteins, respectively (n ϭ 3). These data validate the determination of relative TG accumulation based on the spectrophotometric absorbance of cell monolayers stained for neutral lipids with Oil Red O. Furthermore, TG accumulation found in AA-treated 3T3-L1 cells seems to be cell specific, as it was never observed in two other cell lines, myoblasts (C2C12) and hepatoma cells (HepG2), incubated with AA (data not shown).
To search for a potential role of ATP in TG accumulation induced by mitochondrial impairment in 3T3-L1 cells, we next tested the effect of AA, FCCP, and the adipogenic cocktail on cellular ATP content and found that all of these conditions led to a decrease (30-40% after 72 h) in ATP content (data not shown). However, as FCCP does not induce TG accumulation, energetic status by itself cannot explain the appearance of the multivesicular phenotype in AA-treated cells.
These results show that several inhibitors of mitochondrial oxidative phosphorylation, such as AA, rotenone, stigmatellin, myxothiazol, and oligomycin, induce TG accumulation in 3T3-L1 cells in a time-and concentrationdependent manner.
Classical markers of differentiation are not observed in AA-treated 3T3-L1 cells
To further characterize the cell phenotype induced by AA, we looked for the abundance of FABP4/aP2, a molecular marker commonly used to monitor adipogenesis in vitro ( Fig. 2A ) . We detected FABP4/aP2 during the whole differentiation program, with stronger expression after 7 and 8 days; FABP4/aP2 abundance remained low in cells incubated with AA. Other indices of adipocyte differentiation, such as the expression of C/EBP ␤ (Fig. 2B, C) or UCP-2 ( Fig. 2D ) and the transient increase in cell proliferation index (data not shown), were assessed in AA-treated 3T3-L1 cells, but none of these adipogenic features were upregulated in cells incubated with AA. Furthermore, cells incubated with the adipogenic cocktail in the presence of this inhibitor do not display adipogenic markers, as illustrated for C/EBP␤ expression (Fig. 2B) , and TG accumulation is reduced in these conditions (data not shown). Finally, TG accumulation induced by AA is still observed in 3T3-C2, a cell line that cannot differentiate in the presence of the adipogenic cocktail (18) (data not shown). Taken together, these results suggest that mechanisms involved in TG accumulation triggered by metabolic mitochondrial inhibitors are different from those leading to maturation of adipocytes in vitro.
Fatty acid ␤-oxidation and steady-state mRNA level for M-CPT-1 are reduced in AA-treated cells
To better delineate the metabolic origin of TGs that accumulate during mitochondrial impairment, we first measured the uptake of TG precursors. Fatty acid and glycerol import were estimated by [ 14 C]oleate and [ 3 H]glycerol uptake assays, respectively. We found that differentiating cells increase the uptake of both precursors after 3 or 4 days of incubation (Fig. 3A, B) . However, neither AA nor FCCP was able to induce the import of these molecules. We next performed fatty acid ␤-oxidation assays in 3T3-L1 cells incubated for 8 days with AA, FCCP, or the differentiation inducers. The ␤-oxidation rate was estimated by the determination of filter-trapped 14 CO 2 released after the ␤-oxidation of preimported [ 14 C]oleate (Fig. 4A) . We observed a decrease in fatty acid ␤-oxidation in both differentiated and AA-treated cells (40% and 70% reduction, respectively), whereas FCCP increased 14 CO 2 release (2-fold). These effects were still observed in the presence of AICAR, a well-known activator of AMPK and fatty acid ␤-oxidation (19) .
CPT-1 is an enzyme that catalyzes the rate-limiting step of mitochondrial fatty acid ␤-oxidation (20) . Therefore, we next analyzed the relative abundance of transcripts for the muscle isoform of CPT-1 (M-CPT-1) by real-time PCR (Fig. 4B) . For three independent experiments, we found that M-CPT-1 gene expression is downregulated in AAtreated cells compared with control cells (0.54 Ϯ 0.13; P Ͻ 0.05). Therefore, AA treatment decreases the abundance of the transcript for the M-CPT-1 isoform, whereas the expression of the liver isoform is unchanged (1.03 Ϯ 0.19; data not shown). Expression of the M-CPT-1 gene also seems to be regulated in 3T3-L1 cells by PPAR␥ and its heterodimeric partner, RXR␣, because in the presence of their respective ligands (ciglitazone and 9-cis-retinoic acid) the expression of M-CPT-1 is upregulated (2.6-fold increase).
Finally, the presence of AA completely inhibits the ligand-induced expression of M-CPT-1 (Fig. 4B) . A PPAR␥-dependent decrease in M-CPT-1 expression induced by AA thus could be a possible explanation for the decrease in ␤-oxidation observed in cells incubated with the mitochondrial inhibitor (Fig. 4A) . To test this hypothesis, we next investigated the activity status of PPAR␥ in differentiating and AA-treated 3T3-L1 cells.
AA reduces PPAR␥ transcriptional activity
PPAR␥ is a well-known factor that controls lipid metabolism and the differentiation of preadipocytes (21) . As this factor has been reported to be involved in the regulation of liver and M-CPT-1 expression (22), we measured the binding activity of PPAR␥ to a synthetic DNA consensus sequence on nuclear proteins prepared from 3T3-L1 cells. The amount of PPAR␥ bound to a DR-1-containing oligonucleotide was determined with a colorimetric assay system. As expected, the amount of PPAR␥ that binds to DNA is rapidly increased in cells incubated with the adipogenic cocktail and remains high during the whole program (Fig. 5A) . However, PPAR␥ DNA binding is not increased in AA-treated cells. As it has been reported that hypoxia antagonizes the transcription of the M-CPT-1 gene in cardiomyocytes through the inactivation of PPAR␣ (23), we next tested the effect of AA on PPAR␥ DNA binding activity induced by the differentiation cocktail. In these conditions, PPAR␥ DNA binding induced by the adipogenic cocktail is completely prevented in AA-treated cells (Fig. 5A) . These results suggest that an inhibition of mitochondrial activity possibly could impair PPAR␥ binding to its consensus DNA sequence.
PPAR␥ acts as a heterodimer and is mainly associated with RXR␣ (24) . Using the same colorimetric assay, we looked for a potential interaction between these two proteins using an anti-RXR␣ antibody to detect the bound heterodimer. We found that RXR␣ is part of the complex, as the detection profile obtained for this factor is similar to the binding pattern observed for PPAR␥ (Fig. 5B ). This result suggests that both proteins interact physically when bound to the DR-1 consensus sequence. In samples prepared from cells incubated with AA or with the adipogenic cocktail in the presence of the mitochondrial inhibitor, the signal for RXR␣ bound to PPAR␥ is not increased.
Furthermore, the adipogenic cocktail triggers the activity of PPAR␥, as demonstrated in cells transiently transfected with a luciferase reporter construct sensitive to PPAR␥ (Fig. 5C) . The luciferase activity measured in differentiating cells is comparable to the activity measured in cells that overexpress PPAR␥2. On the other hand, AA is unable to trigger the activation of the PPAR␥-sensitive reporter construct (Fig. 5D) . We found that the PPAR␥-dependent transactivation of the reporter gene induced by ciglitazone and 9-cis-retinoic acid is dramatically inhibited in cells that are coincubated with the mitochondrial metabolic inhibitor. This effect is even better visualized in cells that overexpress PPAR␥2 (Fig. 5D) . We finally checked the abundance of PPAR␥ in the nuclei of 3T3-L1 cells incubated with AA by Western blot analysis performed on nuclear proteins. In these conditions, we found a strong decrease in the nuclear abundance of PPAR␥ in cells preincubated with AA (Fig. 5E) . Altogether, these results clearly show that the transcriptional activity of PPAR␥ is inhibited in 3T3-L1 cells when mitochondrial activity is impaired.
AA induces GLUT4 translocation and glucose uptake by a calcium-and a PI 3-kinase-dependent mechanism
Acute stimulation of glucose transport in response to hypoxia and inhibition of oxidative phosphorylation represent an important homeostatic mechanism because it enables the stimulation of ATP formation by glycolysis (25) . However, glucose might have another role in cells with impaired mitochondrial activity, as some derivatives, such as xylulose 5-phosphate, can activate the transcription factor ChREBP (26) . We thus studied the contribution of glucose to the accumulation of TG in 3T3-L1 cells incubated with AA. We first used 2-deoxy-[ 3 H]glucose (2-DG) uptake assays to test the effect of the adipogenic cocktail, AA, and FCCP on glucose uptake. As shown in Fig. 6A , we observed that after 48 h of incubation, AA significantly stimulates glucose uptake. A kinetic study has shown that glucose uptake is rapidly (within 6 h) induced by the inhibition of mitochondrial activity. The 2-DG uptake in these conditions is specific and involves GLUTs, as it is completely inhibited in the presence of 40 nM cytochalasin B (Fig. 6A) . To identify the GLUT involved in glucose uptake, we next analyzed the abundance of the insulin-responsive GLUT4 by Western blotting performed on purified plasma membranes prepared from 3T3-L1 cells incubated or not for 48 h with AA (Fig. 6B) . We observed that GLUT4 is strongly translocated to the plasma membrane of AAincubated 3T3-L1 cells. Furthermore, glucose uptake by cells incubated in the presence of the mitochondrial inhibitor is completely abolished in the presence of 20 M cytochalasin D (data not shown), a drug that inhibits globular actin polymerization into filamentous actin and prevents insulin-dependent recruitment of GLUTs such as GLUT4 to the plasma membrane (27) .
GLUT4 translocation to plasma membrane and activity can be regulated by several mechanisms and kinases, such as PI 3-kinase and AMPK, depending mainly on cell type and stimuli (28) . To identify messengers and kinases activated by mitochondrial inhibition that could stimulate glucose uptake, we investigated the effect of BAPTA-AM (an intracellular calcium chelator), LY294002 (a PI 3-kinase inhibitor), and NAC (an antioxidant molecule) on 2-DG uptake induced by a 48 h treatment with AA ( Fig. 6C-E) . BAPTA-AM and LY294002 both inhibit 2-DG uptake in a concentration-dependent manner, suggesting a role for calcium and PI 3-kinase pathways in AA-induced glucose uptake, whereas NAC has no effect. The role of the PI 3-kinase pathway is also supported by the fact that the abundance of p110␣ (the catalytic subunit of PI 3-kinase) is strongly increased in cells incubated with AA for 48 h (Fig. 7A) .
As an upstream marker of PI 3-kinase activation, we next looked for the phosphorylation status of insulin receptor substrate-1 (IRS-1) on Tyr941, an adaptor molecule recruiting the regulatory subunit of PI-3 kinase (p85) after insulin receptor activation, and found that AA triggers the phosphorylation of IRS-1 (data not shown). Further- more, Akt1 phosphorylation on both Ser473 (Fig. 7B-D) and Thr308 (Fig. 7B) residues is increased in 3T3-L1 cells incubated in the presence of the mitochondrial metabolic inhibitor for 48 h. As expected, Akt1 is rapidly and transiently phosphorylated on Ser473 in the presence of the adipogenic cocktail (Fig. 7D ). More interestingly, we observed that AA-induced Akt1 phosphorylation on Thr308 is totally inhibited in the presence of BAPTA-AM (Fig.  7B) , suggesting a role for calcium in the full activation of Akt1 by AA. We also observed that Akt1 localization is mainly nuclear in all conditions (Fig. 7B) , an observation already reported by others (29) .
Finally, the in vitro kinase activity of immunoprecipitated GSK3␤, a PI 3-kinase pathway effector that can be inhibited by an Akt-dependent phosphorylation on Ser9 (30), was determined (Fig. 7E, F) . In cells incubated with 10 nM AA for 48 h, the activity of GSK3␤ is reduced by 40%. This inhibition is comparable to the effect obtained when lithium, a GSK3␤ inhibitor (31) , is added during the kinase assay. The role of GSK3␤ inhibition in glucose uptake by 3T3-L1 cells was then determined using SB216763, a specific inhibitor of GSK3␤ (Fig. 8) . We observed that SB216763 induces a significant increase in basal glucose uptake by control cells, suggesting that GSK3␤ inhibition is one of the mechanisms involved in glucose uptake in 3T3-L1 preadipocytes. However, SB216763 did not stimulate further glucose uptake by cells incubated with AA. These results suggest that the inhibition of GSK3␤ in cells incubated with the mitochondrial inhibitor could be a possible mechanism by which glucose uptake is stimulated in 3T3-L1 cells in these conditions. AMPK is another serine/threonine kinase known to regulate glucose uptake mainly in muscle cells (32) . By immunostaining, and as expected for this "energetic sensor," we observed that AMPK is transiently phosphorylated on Thr172 in cells incubated for 24 h with AA (Fig. 9A) . AMPK activation was confirmed by the fact that AA also triggers the phosphorylation of ACC on Ser79, a wellknown AMPK substrate, to a similar level than phosphorylation obtained for a short cell stimulation with AICAR (Fig. 9B) . However, AMPK does not seem to be involved in the AA-induced glucose uptake by 3T3-L1 cells, as neither AICAR nor the overexpression of a dominant negative form of AMPK (33) significantly alters glucose uptake by control cells or cells incubated with AA for 48 h (Fig. 9C, D) .
TG storage in 3T3-L1 cells incubated with AA is inhibited by BAPTA-AM, LY294002, and cytochalasin B
It is interesting that molecules that inhibit AA-induced glucose uptake, such as cytochalasin B, BAPTA-AM, and LY294002 (Fig. 6A, C, D) , are also able to significantly reduce the amount of TG that accumulates in cells incubated with the mitochondrial inhibitor for 8 days (Fig. 10) . These results allow us to hypothesize that glucose, massively taken up by AA-incubated preadipocytes, contributes to TG accumulation.
Dual role for glucose in TG accumulation in preadipocytes incubated with AA
To further delineate the contribution of glucose to the accumulation of TG observed in preadipocytes with a mitochondrial dysfunction, we first measured glucose conversion into TG by recovering the radioactivity associated with extracted neutral lipids from cells preincubated with AA or the adipogenic cocktail for 8 days and then incubated briefly with radiolabeled d-[ 14 C(U)]glucose (Fig. 11A) . In these conditions, we found that the radioactivity associated with TG is significantly increased in AA-treated cells, whereas the adipogenic cocktail does not induce 14 C incorporation into lipids. Taken together, these results suggest a glucose-to-TG conversion in 3T3-L1 cells incubated with AA.
Finally, as ChREBP is a transcription factor known to regulate the expression of glycolytic and lipogenic genes (26), we transiently transfected 3T3-L1 cells with a luciferase reporter construct responsive to this factor. AA consistently triggered a 2-to 3-fold activation of the ChREBP-sensitive reporter gene in cells incubated for 24 h with the mitochondrial inhibitor (Fig. 11B) . These results clearly indicate that glucose taken up by AA-treated cells can activate a transcription factor known to control the expression of genes involved in glycolysis and lipogenesis, such as L-PK, FAS, and ACC. The potential contribution of lipogenesis in AA-induced TG vesicle formation is also supported by the fact that EGCG, an inhibitor of ACC that catalyzes the first reaction of fatty acid synthesis, completely inhibits TG accumulation in cells incubated with AA (Fig. 11C) .
DISCUSSION
Mitochondrial deficiency can regulate nuclear gene expression by a process called mitochondria-nucleus retrograde communication, which allows cells to differentially express some mitochondrial target genes by changing the Fig. 8 . Effect of the GSK3␤ inhibitor SB216763 on glucose uptake in 3T3-L1 cells. Cells were incubated or not (CTL) for 48 h with 10 nM AA. Cells were then preincubated or not for 2 h with SB216763 before a glucose uptake assay was performed. Results are expressed as cpm normalized for protein content (means Ϯ SD; n ϭ 3). ** Significantly different from control cells at P Ͻ 0.01.
at PENN STATE UNIVERSITY, on February 20, 2013 www.jlr.org Downloaded from activity of some transcription factors (34), a phenomenon initially observed in yeast (35) and more recently in mammalian cells (11, 36) . Here, we studied the response of 3T3-L1 preadipocytes to mitochondrial dysfunction, a condition that has previously been associated with an atypical adipocyte phenotype (7) observed in pathologies characterized by dyslipidemia or lipodystrophy (2) . To address the mechanisms by which mitochondrial dysfunction can lead to an increase in cytosolic TG content, 3T3-L1 preadipocytes were subjected to a prolonged mitochondrial activity inhibition induced by inhibitors of oxidative phosphorylation. We showed that rotenone, AA, stigmatellin, myxothiazol, and oligomycin induce an accumulation of intracellular TG vesicles. However, the multivesicular phenotype observed in these conditions is different from the phenotype obtained for adipocytes differentiated in vitro. Interestingly, the adipogenic cocktail and all mitochondrial inhibitors tested, including the uncoupler FCCP, reduce cellular ATP content. However, FCCP does not trigger TG vesicle formation, suggesting that cytosolic lipid accumulation is not a direct consequence of ATP decline. The mechanisms leading to TG storage in 3T3-L1 cells treated with AA also seem to be different from those leading to adipocyte differentiation, as AA-triggered TG accumulation observed in 3T3-L1 cells still occurs in 3T3-C2 cells, a close but nondifferentiable cell line, with the adipogenic cocktail (18) . Moreover, the inhibition of mitochondrial respiration does not induce the expression of classical adipogenic markers, such as FABP4/aP2, C/EBP␤, PPAR␥, and UCP-2. TG accumulation in response to mitochondrial inhibition also appears to be cell-specific, as it was not observed in C2C12 myoblasts or in HepG2 hepatoma cells in our experimental conditions. However, TG accumulation has already been described in cardiac myocytes incubated under hypoxia, a condition also known to impair mitochondrial respiration (23) .
In this study, we provide strong evidence that both a reduction in fatty acid ␤-oxidation and glucose participate to TG accumulation in preadipocytes with impaired mitochondrial activity. First, we showed that the uptake of TG precursors is increased during adipogenesis but is unchanged in cells incubated with AA. Therefore, TG accumulation in 3T3-L1 cells with mitochondrial dysfunction is unlikely to result from a direct uptake of TG precursors. Moreover, the expression of FABP4/aP2, a PPAR␥-regulated gene (37) encoding a protein involved in fatty acid intracellular transport and frequently used as a marker of adipocyte differentiation, remains very low in 3T3-L1 cells treated with AA. Consistent with this finding, we did not measure any PPAR␥ activation in preadipocytes treated with AA.
We also found a decrease in the fatty acid ␤-oxidation rate in cells treated with AA as well as in cells incubated with the differentiation inducers, an effect even more evident when cells are preincubated with AICAR before the ␤-oxidation assay. This AMP structural analog stimulates ␤-oxidation through AMPK-mediated ACC inhibition, leading to a decrease in malonyl-CoA concentration, resulting in an increase in CPT-1 activity (38), the enzyme that catalyzes the rate-limiting step in the mitochondrial import of fatty acids (20) . We thus propose that this mechanism participates in AA-induced TG accumulation in preadipocytes. This hypothesis is supported by the fact that the expression of M-CPT-1, a PPAR target gene (37) , is downregulated in 3T3-L1 cells incubated with the mitochondrial inhibitor. PPARs are key regulators involved in the differentiation of several cell types (39) and in fat metabolism (21, 40) . We also found that AA is unable to stimulate the binding of the PPAR␥/RXR␣ heterodimer to a consensus DNA sequence, whereas the adipogenic cocktail triggers PPAR␥/RXR␣ DNA binding and activity, as described previously (41) . Interestingly, the addition of AA to the cells at the same time as the adipogenic cocktail completely abolished PPAR␥ and RXR␣ DNA binding and the resulting C/EBP␤ overexpression. Moreover, we found that in the presence of AA, PPAR␥/RXR␣ transcriptional activity stimulated by ciglitazone and 9-cis-retinoic acid is reduced dramatically. These results show that the inhibitor of complex III antagonizes PPAR␥/RXR␣-dependent gene transcription in 3T3-L1 cells, probably through a decrease in PPAR␥ nuclear abundance, as suggested by Western blot analysis. As PPAR␥ also controls the expression of genes encoding enzymes involved in the mitochondrial ␤-oxidation cycle, such as the medium-chain acyl-CoA dehydrogenase (42) , PPAR␥ inactivation could also inhibit ␤-oxidation through downregulation of gene expression other than M-CPT-1, such as medium-chain acyl-CoA dehydrogenase. We also found by real-time PCR that transcript abundance for liver CPT-1, the major CPT-1 isoform expressed in 3T3-L1 cells (43) , is not affected by AA treatment, whereas M-CPT-1 is downregulated. These results are surprising, as both promoters can be activated by similar transcription factors such as PPARs (22) and both isoforms can be upregulated by the overexpression of PPAR␥ coactivator-1 (44) . However, promoters of these genes contain several binding sites for other transcription factors, such as cAMP-response element binding protein, hepatic nuclear factor-4␣, and thyroid hormone receptor (22, 45) as well as factors such as upstream stimulatory factor 1/2 (52). Furthermore, it has been reported that CPT-1 expression is switched from the liver to the muscle isoform during adipogenesis in several species (43) . Thus, these data suggest a possible differential regulation of both isoforms, as observed in our experimental conditions. Cytosolic fatty acid synthesis and mitochondrial ␤-oxidation are two pathways reciprocally regulated through the inhibitory effect of malonyl-CoA on CPT-1 activity (38) . Here, we show that a decrease in fatty acid ␤-oxidation might be a major mechanism by which TGs accumulate inside preadipocytes when mitochondrial respiration is depressed by direct inhibition of the respiratory chain. However, one cannot completely rule out a contribution of active fatty acid synthesis in AA-treated 3T3-L1 cells, as ACC inhibition by EGCG added during AA treatment prevents TG accumulation. In the future, the metabolic partitioning of endogenous fatty acids and the balance among synthesis, oxidation, and TG hydrolysis, which determine the net quantity of cellular fat content, should be fully addressed in preadipocytes with impaired mitochondrial respiration.
Previous studies on cataplerosis showed the important role of glucose in lipogenesis in several cellular models (46) . As 3T3-L1 cells treated with a mitochondrial inhibitor increase glucose uptake for their glycolytic needs, we studied the potential role of glucose in TG accumulation. In differentiated 3T3-L1 cells, NaN 3 and dinitrophenol increase basal glucose uptake mediated by GLUT1 and inhibit GLUT4-dependent insulin-induced glucose transport (47) . Even if we cannot rule out the participation of GLUT1 activation in AA-induced glucose uptake (48), we show that GLUT4 abundance is increased in plasma membrane of 3T3-L1 cells incubated with AA, suggesting that GLUT4 translocation from cytosolic storage vesicles is induced by this mitochondrial inhibitor, as observed previously in L6 cells with impaired mitochondria (49) . We also demonstrated that glucose uptake and TG accumulation triggered by AA can both be inhibited by a PI 3-kinase inhibitor (LY294002) and a calcium chelator (BAPTA-AM), a result consistent with the fact that calcium is involved in adipocyte TG synthesis (50) and the increased abundance of the PI 3-kinase catalytic subunit (p110␣) in 3T3-L1 cells treated with AA.
Although PI 3-kinase has been identified as an absolute requirement for GLUT4 translocation in insulin-induced glucose uptake, the participation of the downstream effector Akt/protein kinase B is still debated (51) . We found that phosphorylation of Akt1 on both Ser473 and Thr308 is increased by the inhibition of mitochondrial respiration. Moreover, although Akt1 phosphorylation is reduced on both residues in the presence of BAPTA-AM, Thr308 phosphorylation is far more sensitive to calcium chelation than is Ser473 phosphorylation, an observation already reported for insulin-stimulated 3T3-L1 cells (52) . These results suggest that calcium is necessary for Akt1 activation triggered by AA. However, the kinase that phosphorylates Akt1 has not yet been identified. The Thr308 residue is classically phosphorylated by phosphoinositide-dependent kinase-1, but the activity of this kinase is not regulated by calcium in insulin-stimulated 3T3-L1 cells (52) . It is thus likely that calcium is able to regulate the activity of another calcium-dependent Akt1 kinase that phosphorylates the enzyme on Thr308, such as Ca 2ϩ /calmodulin-dependent protein kinase II and/or Ca 2ϩ /calmodulin-dependent protein kinase kinase ␣ (53).
ROS generated by impaired mitochondria also act as messengers and have recently been implicated in the inhibition of preadipocyte differentiation induced by AA (10) . Even if we cannot completely rule out any participation of ROS in TG accumulation in these conditions, there is evidence supporting the fact that these messengers are not essential compared with calcium. First, neither NAC, ergothionein, nor taxifolin was able to inhibit TG accumulation in AA-incubated cells (data not shown). Furthermore, stigmatellin, another complex III inhibitor that does not generate detectable ROS (54) , is also able to increase TG content in 3T3-L1 cells.
The activation of a PI 3-kinase/Akt1/GSK3␤ pathway in cells incubated with AA was also confirmed by the reduced GSK3␤ activity in cells with impaired mitochondrial respiration. GSK3␤ is known to be transiently inhibited in cells stimulated with insulin (55) and to play a role in glucose uptake. Indeed, the inhibition of GSK3␤ with lithium increases glucose uptake by a mechanism that involves a decrease of IRS-1 phosphorylation on serine residues that increases sensitivity to insulin (56) . When 3T3-L1 cells were incubated with SB216763, a specific GSK3␤ inhibitor, we also observed an increase in glucose uptake for control cells but not for AA-treated cells. These data suggest that AA could already induce a maximal inhibition of GSK3␤, as demonstrated by the in vitro kinase assay. Thus, this enzyme could represent the effector of the PI 3-kinase pathway responsible for AA-induced glucose uptake in 3T3-L1 cells.
The AMPK pathway is classically activated in cells with impaired mitochondrial energetic activity (57) and controls glucose uptake mainly in muscles (32, 58, 59) . AMPK is allosterically activated by AMP binding that increases AMPK kinase-dependent phosphorylation on Thr172 (60) . As expected, we found a transient AMPK activation in AAtreated 3T3-L1 cells that correlates with a more sustained phosphorylation of ACC on Ser79, an observation already reported by other groups (61, 62) . However, although activation of AMPK by AICAR induces a slight but not significant increase in basal glucose uptake, the overexpression of a dominant negative form of AMPK does not reduce basal or AA-stimulated glucose uptake. These results suggest that AMPK is not involved in glucose uptake in 3T3-L1 cells. Indeed, it has already been shown that AMPK activation is not involved in glucose uptake in adipocytes and that AICAR-stimulated glucose uptake in these cells does not require AMPK activity (63) .
Among the mechanisms involved in glucose-mediated effects, cataplerotic reactions providing precursors for lipogenesis as well as the activation of transcription factors have been described. For example, in hepatocytes, it is known that the increase of intracellular glucose triggers the activation of ChREBP, a factor that binds the E-box in the promoter of genes involved in lipogenesis such as ACC and FAS (26) . On the one hand, our data demonstrate that AA triggers the activation of ChREBP, suggesting that glucose could indirectly regulate the expression of genes involved in fatty acid synthesis. A possible role for active lipogenesis in TG accumulation in response to mitochondrial inhibition is further supported by the fact that ACC inhi- 
